Objective: To analyse the diagnostic role of serum IGF-I, IGF-binding protein-3 (IGFBP-3), IGF-I/IGFBP-3 molar ratio and urinary GH (uGH) excretion in adult GH deficiency (GHD). Design: Twenty-seven adults (age range: 18-71 years) with severe GHD, defined by a peak GH response to an insulin tolerance test below 3 mg/l in patients with at least one additional pituitary hypofunction. Reference values were established from a selected age-and body mass index-matched population (154 healthy adults grouped in four age groups). Methods: IGF-I and IGFBP-3 were measured by RIA (Nichols) and results expressed as standard deviation (S.D.) scores from our reference population and assay normative data (S.D. score Nichols). uGH was measured by IRMA. Results: Within the control group, IGF-I, IGFBP-3, IGF-I/IGFBP-3 ratio standardisation regarding our control population and IGF-I with respect to the assay normative data resulted in disappearance of agerelated differences. However, IGFBP-3 S.D. score Nichols resulted in mean values between þ1.4 and þ2.5 S.D. score. Greatest diagnostic efficiency was for IGF-I standardised with respect to our controls (97.2%), followed by S.D. score IGFBP-3 (92.9%). S.D. score IGF/IGFBP-3 ratio and uGH showed poor diagnostic efficiency. Any combination of at least two abnormal parameters raised specificity to 100%. IGF-I standardised with respect to assay reference (S.D. score Nichols) showed similar diagnostic value (95.0%) whereas IGFBP-3 showed low sensitivity (33.3%). Within the GHD patients, those with three or more additional deficiencies had lower S.D. score IGF-I than those with only two or one. Conclusion: We underline the importance of an appropriate reference population for correct interpretation of GH secretion markers. Considering our results, specificity obtained with two simultaneous abnormal parameters when referred to an adequate reference population may add valuable information to alternative GH stimulation tests to confirm adult GHD.
Introduction
Diagnosis of growth hormone (GH) deficiency (GHD) in adults is still a matter of debate. Assuming that no clinical feature can be relied on as a guide, the approach to diagnosis must include a high index of suspicion of hypothalamic-pituitary disease. At present, the insulin tolerance test (ITT) is the diagnostic tool of choice and severe GHD is defined by a peak GH response to hypoglycaemia of less than 3 mg/l (1), even though this test is contraindicated in patients with electrocardiographic evidence or history of ischaemic heart disease or in patients with seizure disorders, and there is less experience in patients over the age of 60. Other stimulation tests have proved their usefulness for GHD diagnosis but the maximum response for GH diagnosis has not been unanimously established in an adult population (2) (3) (4) . Insulin-like growth factor-I (IGF-I) plus its most abundant circulating binding protein, IGFbinding protein-3 (IGFBP-3) (5), have been proposed as an initial screening procedure for suspected GHD (6, 7) , but the usefulness of these biochemical markers of GH action is controversial (8) . Both are GH-regulated, but age-and nutrition-dependency often renders interpretation of results difficult, thus making it desirable for each laboratory to have its own normative data matched for age and body mass index (BMI). However, such data are not always available since their collection is expensive, time consuming and requires a high degree of collaboration between clinical and laboratory departments. Thus, it is common practice to make use of reference values provided by commercial assay manufacturers, which include values obtained in a group of control subjects, usually stratified by age and/or sex, but lacking any information on body fatness measurement. Altered body composition, with increased body weight and body fat mass and decreased lean body mass, is a clinical characteristic of GHD (9, 10) and should be taken into account in the matched reference population.
Recently, it has been argued that total IGF-I concentration, in analogy with thyroid and sex steroid hormones, may not reflect IGF bioactivity. Thus, measurement of the serum unbound IGF-I fraction (free IGF-I) might have greater physiological and clinical importance than its total concentration (11) . The ratio on a molar basis between IGF-I and the predominant IGF binding protein (IGFBP-3) has been reported to correlate with free IGF-I (12) and has been proposed as an indirect measure of the easily dissociable circulating IGF-I (13) .
Several authors have demonstrated that measurement of urinary GH (uGH) excretion reflects endogenous GH secretion (14, 15) . The recently developed methods for uGH measurement with improved specificity and sensitivity provide a useful, reliable and non-invasive tool for assessing increased or decreased GH production (16, 17) .
The present study was designed to analyse the diagnostic usefulness of serum IGF-I, IGFBP-3, serum IGF-I/IGFBP-3 molar ratio and uGH in the diagnosis of severe adult GHD, defined by a GH response to ITT below 3 mg/l in patients with at least one additional pituitary hypofunction. In a preliminary step, reference values for IGF-I, IGFBP-3, IGF-I/IGFBP-3 molar ratio and uGH were established from a selected adult population matched for BMI and divided into four age groups. The diagnostic efficiency of both IGF-I and IGFBP-3 standardised with respect to our own adult control population and to reference values provided by the kit manufacturer were calculated and compared. ) were evaluated. GHD had been diagnosed by a peak GH response to insulin-induced hypoglycaemia test (ITT) below 3 mg/l (measured by a two-site chemiluminescence enzyme immunometric assay used with the DPC IMMULITE Automated Analyzer, Diagnostic Product Corporation, Los Angeles, CA, USA). All patients had at least one additional pituitary hormone deficit. The number of anterior pituitary hormone deficiencies excluding GH were: three deficiencies in 19, two in 3 and one in 5 patients. Twenty-six patients were hypogonadal, 22 were hypothyroid, 20 were hypoadrenal and 7 had anti-diuretic hormone deficiency. All patients received adequate replacement for their pituitary hormone deficiencies (except for GHD). The aetiologies of GHD and clinical characteristics of patients are shown in Table 1 .
Patients and methods

Patients
Three patients had childhood-onset GHD and three additional anterior pituitary hormone deficiencies. Their GHD was reassessed at the age of 18 years. None of them had received treatment with GH during the previous year.
All subjects gave their informed written consent according to the Helsinki Declaration. The study was approved by the ethics committee of our hospital. ) with stable body weight, comprising hospital employees and relatives, medical students and patients with benign thyroid pathology agreed to participate as controls. None had any acute or chronic disease that could affect the GH-IGF-I axis. They were divided into four groups according to age: group I: below 25 years; group II: between 25.0 and 39.9 years; group III: between 40.0 and 54.9 years; and group IV: over 55 years.
Control group
Blood sampling and urine collection
Serum IGF-I and IGFBP-3 were determined from a basal blood sample obtained from all subjects in the morning after an overnight fast. Blood samples drawn into plain tubes from an antecubital vein were centrifuged and the serum separated and kept frozen until assayed. In addition, one (in 90 out of 154 control adults) or three (in all GHD patients) separate 24 h urine samples were collected and kept at 4 ЊC. Total volume was recorded and 30 ml 300 g/l BSA were added to 5 ml aliquots of each sample before freezing at ¹80 ЊC.
Laboratory methods
Serum IGF-I was measured by RIA after separation of the binding proteins by acid-ethanol precipitation (Nichols Institute Diagnostics, San Juan Capistrano, CA, USA). The assay was calibrated against International Reference Preparation IRP 87/518. Interassay coefficients of variation (CVs) ranged from 5.2 to 8.4%. The detection limit of the assay was 13.5 ng/ml. IGFBP-3 was measured with an RIA (Nichols Institute Diagnostics). Interassay CVs ranged from 5.7 to 6.5%. uGH was measured using an IRMA with a CV <8.1% and a detection limit of 0.5 ng/l ( ). The average of the three 24 h uGH measurements was determined for each GHD patient and considered for subsequent analyses.
Molar IGF-I/IGFBP-3 ratio was calculated using 7.5 kDa (IGF-I) and 30.5 kDa (IGFBP-3) molecular masses respectively, as in previous reports (12, 13) .
To approximate normal distributions, serum IGF-I and IGFBP-3 concentrations, IGF-I/IGFBP-3 molar ratio values and uGH were natural log (ln) transformed and used in all calculations. The number of standard deviation scores (S.D. score) from the age-related reference population mean was calculated for each value: S.D. score = (ln value-mean of the ln values)/S.D. of the ln values). IGF-I and IGFBP-3 data were also expressed as S.D. score for age compared with normative data provided by the kit manufacturer (S.D. score Nichols). Simple linear regression analysis (r value) was performed to test the associations between variables. Multivariate analysis tested the independent associations of different variables. Groups were compared by means of one-way ANOVA and the multiple comparison test of Scheffé. The cut-off limit for IGF-I, IGFBP-3, IGF-I/IGFBP-3 ratio and uGH excretion was set at ¹2 S.D. score. As the selected cut-off point for uGH in reference groups over 25 years of age overlapped with the detection limit of the method (0.5 ng/l) (17) , this value was used instead of ¹2 S.D. score in these age groups. Sensitivity of the parameters was defined as the percentage of GHD patients with a value below the selected cut-off criterion. Specificity was defined as the percentage of control subjects with a value above the selected cut-off limit. Efficiency was defined as the number of GHD patients with a subnormal value plus the number of controls with a normal value divided by total number of subjects studied (GHD patients and controls). Predictive value of positive test (PPV) was defined as the percentage of values below the cut-off limit that represent GHD. Predictive value of negative test (NPV) was defined as percentage of values above the cutoff criterion represented by controls. Data were expressed as means Ϯ S.D., and geometric means Ϯ 2 S.D. ln backtransformed range. P < 0.05 was considered statistically significant. under 25 years than in those over 40 years, and was significantly lower in the group from 25.0 to 39.9 years than in those from 40.0 to 54.9 years. Serum IGF-I concentrations significantly declined with advancing age, whereas IGFBP-3, IGF-I/IGFBP-3 ratio, and uGH were significantly higher only in the younger group. Multiple regression analysis (Table 3) showed that age was a significant negative determinant of changes in IGF-I, IGFBP-3 and IGF-I/IGFBP-3 ratio, while these parameters were uninfluenced by the introduction of BMI. Conversely, changes in uGH were explained by changes in BMI and not by age.
Results
Control group
IGF-I values standardised with respect to the assay's normative data (S.D. score Nichols) led to disappearance of age-related differences, as occurred when our own reference values were used. However, IGFBP-3 standardised with respect to the assay's age-reference values (S.D. score Nichols) resulted in mean S.D. score values between þ1.4 and þ2.5, and was significantly higher in the two groups over the age of 40 than in those under 40 ( Table  2) . Table 1 shows clinical characteristics and hormone parameters evaluated in each patient. Hormone data were expressed as absolute concentrations and standardised with respect to our control population. Patients were divided into two groups according to the number of additional pituitary deficiencies presented: three or less than three. Standardised IGF-I was significantly lower in patients with three additional pituitary deficiencies (n = 19) than in those with one or two (n = 8): S.D. score controls: ¹4.4 Ϯ 2.2 vs ¹2.7 Ϯ 1.0, P = 0.01; S.D. score Nichols: ¹3.6 Ϯ 1.7 vs ¹2.1 Ϯ 1.1, P = 0.017). Standardised IGFBP-3 was lower in patients with three additional pituitary deficiencies than in those with one or two, but the difference was not statistically significant: S.D. score controls: ¹4.5 Ϯ 3.1 vs ¹2.8 Ϯ 1.4, P = 0.07; S.D. score Nichols: ¹1.7 Ϯ 2.5 vs ¹0.5 Ϯ 1.4, P = 0.12. No differences were found in standardised IGF-I/IGFBP-3 ratio or uGH between the two groups.
GHD patients
Characteristics and hormone data in GHD and controls
No differences were found in the proportion of males and females between GHD patients (37.0 and 62.9%) and controls (39.6 and 60.4%).
Although mean BMI in GHD patients (27.4 Ϯ 3.6 kg/ m 2 ) was slightly higher than in controls (25.7 Ϯ 4.8 kg/ m 2 ), the difference was not statistically significant. Figure 1 shows IGF-I and IGFBP-3 in patients and controls standardised with respect to our control population (S.D. score controls). Table 4 shows the diagnostic value of all parameters evaluated. IGF-I values standardised with respect to our reference population showed the best diagnostic efficiency (97.2%), followed by S.D. score IGFBP-3 (92.9%). Despite its high specificity (99.3%), S.D. score IGF/IGFBP-3 ratio showed poorer diagnostic efficiency due to low sensitivity (37%), whereas uGH had lower diagnostic efficiency (83.6%) due to lower specificity. Any combination of at least two abnormal parameters yielded sensitivity of 77.7% but raised specificity to 100%. When age-reference values provided by the assay manufacturer (S.D. score Nichols) were used to standardise IGF-I and IGFBP-3, IGF-I showed lower sensitivity (70.4%) but similar diagnostic value (95.0%). However, IGFBP-3 showed very low sensitivity (33.3%) together with 100% specificity; few GHD patients and none of the controls were below ¹2 S.D. score, but 53.8% of the controls older than 40 years had IGFBP-3 over þ2 S.D. score (Fig. 2b) .
Diagnostic usefulness of hormone parameters
Discussion
Demonstration of the beneficial effects of GH treatment in adults with suspected GHD in 1989 (18, 19) raised the need to identify GHD status in adulthood. The lack of specificity of the clinical syndrome, the physiological decrease in GH with ageing and the reduced GH secretion associated with increased adiposity make it difficult to establish clear-cut biochemical criteria to distinguish patients with hyposomatotropism from healthy elderly individuals (20) (21) (22) (23) reports on adults with GHD had applied different arbitrary criteria for selection of GHD patients (9, 18, 19, 24) , a first consensus statement for the diagnosis of adult GHD was formulated in 1994 (25) and reviewed and updated in 1997 by the Growth Hormone Research Society in a workshop held in Port Stephens (1). At present, criteria for profound GHD are met if peak GH response to an ITT with symptomatic hypoglycaemia is below 3 mg/l, and thus this was the biochemical selection criterion chosen for patients included in our study. Although it would be desirable for each laboratory to establish its own GH cut-off level rather than simply accept those recommended in the literature (26) , it is almost impossible for most endocrine centres to perform GH provocative tests in a large number of healthy subjects. Moreover, the recommended diagnostic test has some drawbacks: it has a high intraindividual day-to-day variation in healthy adults (27) , harbours a certain risk for the patient, being expressly contraindicated in some (1) , and lower GH responses are to be expected in obese subjects (28, 29) . Other stimulation tests are mandatory when ITT is contraindicated (1). The reported usefulness of some alternative tests, especially those combining GH-releasing hormone with arginine or pyridostigmine, for adult GHD diagnosis makes them eligible for gold standard status in the future (4, (30) (31) (32) . However, the search for biochemical markers of integrated GH action in adults should not be abandoned, particularly as published data on their diagnostic usefulness are contradictory. Some investigators have demonstrated high diagnostic efficiency for measurements of serum IGF-I (6, 33), IGFBP-3 (6) or uGH (34) in adult GHD diagnosis, whereas others have almost precluded their use (8, 35, 36) . Differences in GHD inclusion criteria and the lack of an adequate reference group might account for the discrepancies. Among studies including only severe GHD patients (peak GH below 3 mg/l), the poorer diagnostic usefulness of IGF-I and IGFBP-3 has been reported by Hoffman et al. from 17 to 77 years and 21 subjects from 25 to 55 years respectively); however, owing to the age-dependency of these growth factors, the 95% confidence interval range obtained in controls was too wide and resulted in lower sensitivity for the test especially for IGF-I, which declines steeply with age. In our study, if we had assessed IGF-I and IGFBP-3 diagnostic usefulness in GHD diagnosis with respect to the mean Ϯ 2 S.D. range obtained in the whole control group regardless of age (17-77 years), only 7 out of 27 for IGF-I (sensitivity: 25.9%) and 15 out of 27 for IGFBP-3 (sensitivity: 55.6%) would have been below the control range. However, when several narrower age range groups including sufficient numbers of subjects are used, and every patient is compared with the normal range of his or her age-matched group, better sensitivity is obtained (85.2% for IGF-I and 70.4% for IGFBP-3) in accordance with data reported by others. Baum et al. (30) found significantly lower IGF-I and IGFBP-3 serum concentrations in 23 severely GHD patients than in 17 controls; however, only 39% had IGF-I levels below the age-appropriate normal ranges provided by the assay manufacturer. The interesting study by Attanasio et al. (37) reports data from 173 adult patients who had GHD arising either in childhood or adulthood. Even though IGF-I and IGFBP-3 results were not standardised according to age, they found that IGF-I levels in GHD patients were below the normal adult reference range in both groups, while IGFBP-3 levels were below only in those with childhood onset. The importance of an appropriate control population was noted when, before a sufficient number of control subjects had been collected, our IGF-I and IGFBP-3 results were standardised according to the normative data provided by the kit manufacturer (S.D. score Nichols). The cut-off point less than ¹2 S.D. score showed very low diagnostic sensitivity for IGFBP-3. However, when IGF-I and IGFBP-3 were analysed in a sufficient number of control subjects to perform our own age-and BMI-matched reference group, we realised that IGF-I concentrations in our control population fitted into the reference range, whereas IGFBP-3 values, particularly of subjects over 40 years, were above the normal range. Table 4 Diagnostic value for adult GHD of IGF-I and IGFBP-3 standardised with respect to our control population (S.D. score controls) and to the assay reference values (S.D. score Nichols). IGF-I/IGFBP-3 molar ratio standardised with respect to our control population and uGH in ng/24 h. The cut-off criterion was set at ¹2.0 S.D. score below the mean. The severity of GHD is largely related to the degree of hypopituitarism; Toogood et al. (38) reported that 90.3% of GHD patients with two or three additional deficiencies had a peak GH response to ITT below 5 mU/l, and a significant inverse relationship has been reported between IGF-I and the number of additional deficiencies (6, 39) . In our study, despite all GHD patients having a peak GH response below 3 ng/ml, those with three additional deficiencies had significantly lower IGF-I than those with only one or two.
Diagnostic
IGF-I/IGFBP-3 molar ratio in controls significantly declined with age, in agreement with others (12, 30, 40) . Moreover, in our study this ratio was significantly diminished in GHD patients compared with their agematched controls, as previously reported (40) . However, the diagnostic usefulness was very low and offered no advantage to measurement of serum IGF-I and IGFBP-3 (12) as it fell within the range observed in the agematched controls in 63% of our adult GHD patients. GHD is also associated with changes in other circulating IGFBPs (12, 30, 40) ; thus, further studies including measurements of serum IGFBP-1 and IGFBP-2 are required for conclusions on the readily available IGF-I fraction to be drawn. BMI in our control adult population increased with advancing age, thereby reflecting the age-related weight gain in the normal adult population (41, 42) . However, no relationship was found between BMI and IGF-I, IGFBP-3 or their ratio when age was accounted for in multivariate analyses, in agreement with others (42) (43) (44) . Thus matching for BMI in a normal weight or mildly overweight population appears not to be essential for these parameters. This underscores the value of these biochemical markers in GHD diagnosis in comparison with measures of GH secretion, which inversely correlates with adiposity (20) . The GH response to an acute provocative test is also negatively related to adiposity (28, 45) . In our study, endogenous GH secretion was assessed by measuring 24 h GH excretion (14) (15) (16) . Within the control group, the higher uGH observed in the younger group was significantly explained by the lower BMI in that group, and not by age, thus supporting the negative relationship between GH secretion and adiposity. Mean uGH in the oldest control group was not significantly decreased, as expected by the age-related decrease in serum GH markers, which might be explained by impaired renal tubular reabsorption described in healthy elderly subjects (46) . Thus, uGH was a worse diagnostic parameter of GHD in adulthood than serum IGF-I and IGFBP-3, probably due to its relationship with body fat, high intraindividual and interindividual variations in GH excretion, insufficient detection limit of the method and impaired tubular renal function in the elderly. Despite the increased sensitivity of specific uGH commercial IRMA assays, we were unable to set the lower limit of normalcy in age groups over 25 years, as it fell below the detection limit of the method. The diagnostic usefulness of uGH in severe adult GHD diagnosis found in our study is similar to that of previous reports (34) although we were unable to find differences in uGH according to the number of pituitary deficiencies.
In conclusion, this study underlines the importance of an appropriate reference population for the correct interpretation of GH secretion markers. In view of our results and those of other authors, in cases where ITT is contraindicated the low values obtained in two simultaneous GH secretion markers when referred to an adequate reference population may add valuable information to alternative GH stimulation tests to confirm adult GHD.
